Hibernation is a stage of some animals' yearly cycle con sisting of a series of torpor bouts 1 . Torpor is a physio logical state characterized by a regulated reduction of metabolism, body temperature, physical and neural activity, and protein synthesis 1, 2 . An animal's ability to rewarm from torpor without any exogenous source of heat demonstrates that torpor is a highly regulated phenomenon 1, 2 . The wholebody metabolism and body temperature of the hibernator can be reduced to 1% of the resting metabolic rate and to − 3 °C, respectively, as seen in the arctic ground squirrel [3] [4] [5] (Fig. 1) . Thus, torpor in hibernating mammals represents the nadir in mammalian metabolism and body temperature 1, 6 . Torpor in seasonal hibernators differs from torpor in daily heterotherms in several ways ( Table 1) .
Understanding the physiological mechanisms regu lating hibernation may contribute to the development of treatments for lifethreatening conditions such as cardiac arrest, stroke, cerebral ischemia, sleep disor ders and hemorrhagic shock 1, [7] [8] [9] [10] [11] . Muscle atrophy and loss of bone density during prolonged convalescence or space flight may be reduced with a better understand ing of cellular structural maintenance during hiberna tion 2 . The number of hibernation studies published annually has increased from <5 per year in the 1960s and 1970s to >40 per year in 2010 and 2011, according to search results for the key words 'hibernation' and 'torpor' in the PubMed database (Fig. 2) . Researchers who use hibernating animals face unique challenges in maintaining the wellbeing of their study subjects. Here we identify and discuss some ethical considerations in hibernation research.
RESPONSIBLE CONDUCT OF HIBERNATION RESEARCH
The overall objectives of experiments on animals, including hibernators, should be the advancement of understanding of the animals' biology; the pursuit of knowledge that would help to ensure their persistence in the wild and in captivity as part of a functioning eco system; and the development of information to benefit public good or improve animal or human health. The use of animal models is a privilege, not a right 12 , and must follow stringent ethical guidelines for experimen tal procedures, species selection, research design and number of animals used 13, 14 . Ethical animal research is guided by the principles of the 3Rs: replacement, reduc tion and refinement 15 .
REPLACEMENT
Replacement refers to the use of alternative, nonanimalbased techniques instead of animal models to answer scientific questions 16, 17 Ethical research practices are a key component of scientific integrity and of public support for research. Hibernation research presents specific ethical issues in regard to animal welfare. In this article, the authors apply the '3Rs' principles of humane experimental technique (replacement, reduction and refinement) to hibernation research. They provide recommendations for hibernation researchers and suggest future directions for addressing issues specific to hibernation research. They discuss the use of appropriate behavioral and physiological monitoring procedures, the development of species-specific brain atlases for placement of brain probes, the provision of environmental enrichment and the management of studies involving pharmacological induction of torpor. Addressing these issues in hibernation research will lead to improvements in research outcomes and in welfare of hibernating species.
there are no viable alternatives to hibernating mammals that mimic their complex, integrated metabolism and seasonal behavior. Therefore, replacement is not usu ally possible in hibernation research. The use of live hibernators as experimental models is justified when the research outcome increases physiological or bio chemical understanding of hibernation or results in the development of therapeutics, thereby potentially reduc ing suffering in humans and other animals [18] [19] [20] [21] .
REDUCTION
Reduction refers to the minimization of the number of animals used to obtain results. Various strategies can be used to reduce animal numbers, although research ers should bear in mind the number of animals that is required for the study results to be statistically signifi cant. One reduction strategy is to maximize the infor mation obtained from each animal used in order to limit subsequent use of additional animals. Laboratory personnel may choose to alert all researchers when ani mals are going to be euthanized so that they may request tissue samples. In this way, while one researcher may collect the liver, other researchers may use the kidneys, brain, serum or other components of the same animal. In addition, researchers may collect and store tissues that are beyond the primary focus of their studies. Such tissue banks can be used for several research purposes:
to provide specimens needed for drug discovery and development, to allow for retrospective analyses and to enable future reanalysis of tissue if improved analyti cal techniques become available 22 . Experimental design can also contribute to reductions in animal numbers. A balanced crossover design 6, 23 can be used in which the same data are collected several times for each sub ject. In pharmacological experiments, a crossover experimental design uses the same animals for drug and vehicle treatments, with the advantage that each animal can be used as its own control, reducing the total number of animals used.
Monitoring of torpor
Tissue banks in hibernation research must be accom panied by detailed records of hibernation, housing and other conditions that can help to establish the seasonal phenotype of the animal, as well as by detailed descrip tions of how tissues were collected. Detailed hiberna tion records require daily monitoring of torpor, which is usually accomplished by placing wood shavings or saw dust on the animals' backs and then checking daily for any disturbance of the shavings 6, 24 . Shavings left undis turbed indicate that the animal is hibernating, whereas disturbed shavings indicate that the animal has aroused and moved since it was last checked. Hibernation can also be monitored using telemetry. Major surgery is 31 .
REFINEMENT
Refinement is the modification of experimental pro cedures to minimize pain and distress experienced by the animal and to enhance its wellbeing. In hiberna tion research, telemetry and openflow respirometry are refined techniques for monitoring core body tem perature and rate of oxygen consumption, respectively. Aspects of hibernation research that warrant further refinement include brain anatomy atlases, habitat and environmental conditions, and management of pharmacologically induced torpor.
Brain anatomy atlases
Infusion of drugs into specific areas of the brain is used to study the neurological mechanisms involved in hibernation. Such studies require chronic implantation of guide cannulae, which in turn requires an accurate brain atlas. Brain anatomy atlases are lacking for many wildcaught hibernating species. Instead, research ers rely on an established rodent atlas [32] [33] [34] or eutha nize some animals to determine the brain coordinates after the experiment is complete, a deviation from the principles of the 3Rs 15 . Lack of an accurate brain atlas can lead to variations in cannula placement and experi mental results. We suggest that brain anatomy atlases should be developed for hibernating species through careful postexperimental anatomical exploration of the brain and skull, with the objective of establish ing coordinates for different structures of the brain in reference to the stereotaxically implanted needles.
Researchers who use seasonal hibernators can establish coordinates as required for their experiments. Sharing these stereotaxic coordinates with the hibernation research community can help to establish coordinates for selected brain regions and, eventually, to develop an atlas. Magnetic resonance imaging and computed tomography can be used to develop a stereotaxic atlas of the brain 35 , but the expense and lack of universal availability of these techniques may limit their use.
Habitat and environmental conditions
Some hibernators, such as arctic ground squirrels, are colonial in their natural habitat 36, 37 but hibernate in individual burrows 38 . In captivity, they have tradition ally been housed individually. Habitat influences stress levels in arctic ground squirrels 36 , and although some stress is expected in wildcaught species maintained in captivity [39] [40] [41] , the potential stress of individual housing could cause behavioral changes in reproduction and stress physiology 36 . Stress levels are reflected in fecal glucocorticoid production; hence, fecal monitoring of corticosteroids is a noninvasive method of evaluating stress in hibernating species [42] [43] [44] . Because stress can be mitigated by environmental enrichment 45 , good ani mal care practice supports the provision of enrichment items such as plastic tubes, which can mimic burrows in an animal's natural habitat. Although seasonal hibernation is a highly conserved phenology, the environmental conditions to which ani mals are exposed may affect their hibernation. Latitude can influence hibernation and torpor energetics [46] [47] [48] [49] . Woodchucks in northern latitudes hibernate longer than their conspecifics in southern latitudes, and the length of torpor bouts varies with latitude 48 . As latitude increases, the length of the interbout arousal period decreases and the length of torpor bouts and the number of arousals increase. In bats, which are non seasonal hibernators, the duration of torpor bouts is shorter in tropical populations than in subtropical ones, and the duration of torpor bouts is negatively corre lated with the ambient temperature 49 . Therefore, care should be taken to mimic natural environmental vari ables such as ambient temperature and light:dark cycle when housing hibernators in captivity.
Management of pharmacologically induced torpor
In order to understand the mechanisms of hibernation, pharmacological studies are carried out in which drugs 1962 1966 1970 1972 1975 1976 1977 1978 1979 1980 1981 1982 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 are used to induce a torporlike state characterized by a suppression of all vital activities 6, 50 . Such studies are ethically challenging because the animals' lives may be at risk during these procedures. In some cases, it may be unclear whether experimental subjects are entering torpor or hypothermia, especially if they show no signs of distress. Therefore, indicators such as oxygen con sumption (metabolism) and body temperature must be monitored. Comparison of the rate of cooling and the rate of oxygen consumption can be used to differentiate torpor from hypothermia 6 . In all studies involving torpor, animals should be monitored closely for signs of distress that may require intervention. Studies should include an intervention protocol explaining how to respond to any unantici pated signs of distress. Researchers should request vet erinarian guidance for supportive care or to administer euthanasia. Supportive care, as recommended by the veterinarian, should be the priority over euthanasia.
Hibernation researchers should bear in mind that different mechanisms regulate onset of and arousal from torpor. Some drugs may induce torpor but may not induce the full spectrum of mechanisms needed for spontaneous arousal. In addition, response to pharma cological induction of torpor may differ among species. When testing drugs for the first time on a novel species, a pilot study with a small sample size and escalating doses should be carried out, and animals should be closely monitored. Variations in response to pharma cological induction of torpor may arise from behavioral variations among hibernators. Facultative hibernators (e.g., hamsters) undergo torpor primed by environmen tal conditions, whereas seasonal hibernators (e.g., arctic ground squirrels) enter torpor driven by a circannual cycle 1, 51 . Pharmacological agents may induce torpor in one type of hibernator but not the other.
CONCLUSIONS
As the number of hibernation studies increases, it is important for the research community to appre ciate the unique ethical considerations that they involve. Identifying and addressing ethical issues and animal welfare concerns enhances scientific integ rity, improves the quality of research and promotes animal welfare 39, 52 .
